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EUEI.  CONSERVATION  AND  CONSTRUCTION  EQUIPMENT 


I.  INTRODUCTION 

1.  Army  Energy  Program  Coals.  In  response  In  the  P)73  oil  embargo  bv  llir  (ll’I'K! 
nations,  the  D.S.  Army’s  energy  conservation  program  plans  were  rev ilalizcd.  The  I Iffiiv  ol‘  the 
Deputv  Chief  of  Staff  for  Logistics.  Army  Energy  Office,  Headquarters.  Department  of  the  Ar¬ 
my.  compiled  a  comprehensive  long-range  Army  Energy  Plan.  Generally,  the  plan  identifies 
the  Army's  organization,  goals,  objectives,  policies,  and  programs  with  respect  to  energy.  The 
DA  energy  goals  and  objectives  are: 

a.  Reduce  energy  consumption  by  35  percent  bv  the  year  2000  (base  year-FA  75). 

(1)  Reduce  energv  consumption  in  mohilitv  operations  bv  10  percent  bv  EARS  with 
zero  growth  to  the  vear  2000  with  no  degradation  to  readiness. 

(2)  Reduce  energv  consumption  in  facilities  operations  hv  20  percent  by  FY85  and 
40  percent  by  tin*  year  2000. 

(3)  Expand  energy  conservation  ediication/informalion  and  incentive  programs  for 
all  Army  military  and  civilian  personnel  and  their  dependents. 

b.  Reduce  dc|H*ndc»cc  on  nonrcncwahlc  and  scarce  fuels  by  the  year  2000. 

(1)  Develop  capability  to  use  synlhetic/alternate  fuels  for  mobility. 

(2)  Increase  efficiency  of  mobility  systems  by  15  percent. 

(3)  Develop  capability  for  facilities  to  use  synthetic  gas  in  place  of  natural  gas. 

(4)  Reduce  consumption  of  heating  oil  by  75  percent. 

c.  Attain  a  position  of  leadership  in  the  pursuit  of  national  energv  goals. 

2.  Research,  Development.  Testing,  and  Evaluation  (KDT&E)  Program  Thrusts. 
Hrrausr  development  effort  is  required  to  reach  the  Army's  goals.  Research  and  Development 
(R&D)  program  planning  was  required.  The  thrust  of  the  Army's  Energy  H&l)  plan  is  directed 
at  the  application  and  development  of  the  specific  technologies  to: 

a.  Utilize  domestically  produced  synthetic  fuels  and  alternate  conventional 
fuels  in  militarv  mobile  systems. 


b.  Develop  a  family  of  military  engines  capable  of  burning  a  broad  range  of 
Itoth  synthetic  and  conventional  fuels. 

c.  Reduce  overall  energy  use  through  efficiency  improvements  without  com¬ 
promising  flexibility,  readiness,  or  performance. 

d.  Achieve  an  adequate  degree  of  energy  self-sufficiency  for  military  installa¬ 
tions  through  reduced  dependence  on  petroleum  fuels. 

e.  Encourage  the  commercialization  of  domestic  synthetic  fuels  industry 
capable  of  producing  mobility  fuels  for  military  use. 


3.  Progress  Toward  Achieving  Program  Goals.  The  Army  has  made  considerable 
progress  toyyard  reaching  established  goals.  Energy  conservation  data  compiled  in  1981  shows 
energy  usage  down  13.5  percent  from  FY75.  Should  this  trend  continue,  future  projections 
forecast  an  18.4-percent  reduction  in  energy  usage  by  1985.  However,  some  analysts  predict 
that  the  US  petroleum  supply  will  be  nearly  depleted  before  the  year  2000.  In  addition,  the 
cost  of  petroleum  between  1973  and  1974  increased  by  nearly  300  percent,  and  the  cost  con¬ 
tinues  upward.  Obviously  from  a  supply  ami  cost  point  of  view,  our  dependence  on  foreign 
|M>(rnlciim  will  continue  to  have  a  major  impact  on  the  Army’s  ability  to  perform  its  mission. 

4.  U.S.  Army  Belvoir  Research  and  Development  Center’s  Role.  The  Bel  voir 
Research  and  Development  Center  plays  a  significant  role  in  the  areas  of  petroleum  fuels, 
renewable  fuels,  synthetic  fuels,  and  reduction  in  mobile  construction  equipment  energy  con¬ 
sumption.  The  Engineer  Support  laboratory  anil  Construction  Equipment  Engineering  Divi¬ 
sion  are  working  toward  meeting  the  Army  energy  goals  in  the  area  of  construction  equipment 
energy  conservation  goals  as  follows:  Reduce  energy  consumption  by  45  percent  by  the  year 
2000,  reduce  energy  consumption  in  mobility  operations  by  10  percent  by  FY85  with  zero 
growth  to  the  year  2000  with  no  degradation  in  readiness,  ami  attain  a  position  of  leadership 
in  pursuit  of  National  Energy  Coals. 

Apparently,  the  thrust  of  the  energy  projects  assigned  to  the  Special  Projects  Branch  is 
to  motivate  original  equipment  manufacturers  (OEM)  to  improve  the  mechanical  and  ther- 
modynamie  efficiency  of  construction  equipment. 

II.  PURPOSE  AND  SCOPE 

5.  Purpose.  The  primary  purpose  of  the  report  is  to  recommend  an  approach  for  deter¬ 
mining  the  efficiency  of  construction  equipment.  During  the  course  of  this  work,  it  became 
clear  that  more  than  consideration  of  construction  equipment  efficiency  is  required  if  we  ex- 
lied  to  reach  the  Army's  FY 1985  energy  consumption  goals. 

h.  Scope.  The  scojic  of  the  work  was  expanded  to  include  a  review  of  all  the  literature 
made  available  through  the  center's  library  research  services. 
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III.  BACKGROUND 


7.  Non-I )e  ve  lopmen t  Items  (IN I M).  Bclvoir  Research  and  Development  ( IrnlrrV  nirmil 
lironirciiM'iil  strategy  as  il  relates  In  construction  r<|iii|)iiirnl  is  In  procure  NDI. 

NDI  |»rnn,ilnn‘s  arc  as  follows:  NDI  will  undergo  test  nr  evaluation  nr  on-site  opcra- 
linnal  tcsl/ev  ablation  for  directed  procurement  items  and  items  In  lie  procured  in  small  quan- 
lities,  prior  In  type  classification.  Test  data  available  from  commercial  contractors.  Govern¬ 
ment  agencies,  or  other  sources  will  he  used  to  satisfy  test  requirements  In  the  maximum  extent 
possible  to  eliminate  unnecessary  testing  by  the  test  activity.  NDI  are: 

a.  Items  commercially  available. 

b.  Items  developed  and  accepted  by  other  military  services. 

c.  Items  of  other  governmental  agencies  or  countries. 

Procurement  of  NDI  to  meet  the  new  requirements  will  lie  made  only  to  satisfy  DA 
approved  materiel  requirement  documents.  Normally  NDI  materiel  acquisition  programs  have 
certain  characteristics: 

•  Greatly  reduced  acquisition  leadlimes. 

•  (a un hined  acquisition  phases,  decisions  and  milestones. 

•  Limited  control  of  materiel  design  and  configuration. 

8.  Significant  Events.  Much  of  the  construction  equipment  that  will  be  in  the  Army's 
inventory  in  FY85  was  recently  bought  or  is  now  under  contract.  Efficiency  was  not  made  a 
specific  requirement  so  far  as  the  technical  data  package  was  concerned. 

9.  Other  Considerations.  The  efficiency  of  the  equipment  now  or  soon  to  be  in  the  in¬ 
ventory  is  not  known.  Also,  the  efficiency  of  the  replaced  equipment  is  unknown.  Our  search 
through  the  available  literature  did  not  yield  information  that  could  be  used  to  determine  the 
efficiency  of  construction  equipment;  past  or  present.  The  impact  of  the  background  informa¬ 
tion  on  our  energy  program  efforts  will  be  discussed  in  Section  IV  of  this  report. 


IN.  DISCISSION 


10.  Discussion.  I'lii'  field  of  energy  conservation  is  tremendous  and  occasionally  confus¬ 
ing.  Everything  we  do  or  don't  do  impacts  energy  consumption  in  one  wav  or  another,  hnl  w  hat 
that  impart  will  he  is  not  always  understood.  We  also  found  that  word  usage  is  not  consistent. 
Different  authors  will  use  the  same  word,  such  as  efficiency,  to  describe  a  niulti-faeetted  con¬ 
cept  such  as  fuel  consumption.  This  report  organizes  the  eoueepl  of  fuel  consumption  as  it 
relates  to  construction  systems  into  the  following  general  areas  of  interest:  system  design, 
system  selection,  system  operating  procedures,  system  maintenanee  and  operator  training.  In 
the  real  yyorld.  these  areas  are  not  mutually  exclusive.  Together  they  interrelate  and  eonlrihule 
to  fuel  eonsumption.  Efficiency  is  a  concept  well  defined  by  engineers,  and  the  concept  is 
closely  related  to  system  design.  Appendix  A  lists  some  general  <lef  i  n  i  I  ions  for  the  word  effi¬ 
ciency.  From  a  review  of  the  definitions,  we  can  conclude  without  equivocation  that  efficiency 
is  a  ratio  of  some  output  oyer  some  input.  On  the  surface,  establishment  of  the  ratio  may  ap¬ 
pear  simple,  and  in  some  eases  it  is  simple,  lint,  when  accuracy  is  required,  the  process  requires 
careful  attention  to  detail  and  application  of  knowledge  from  many  different  disciplines.  I  he 
accuracy  point  can  become  paramount,  should  the  Army  attempt  to  compare  the  products  of 
rompriine  manufacturers.  During  our  literature  reyiew.  we  found  many  units  associated  with 
the  ratios. 


yd3,  ton.  mi,  (lb) 

The  most  common  ones  were:  ^7p|  irjl|  ^  jq  Based  upon  the  general 

definition  for  efficiency,  a  strong  argument  can  be  made  for  equating  useful  work  to  produc¬ 
tion  in  all  its  forms.  In  some  cases,  the  above  efficiency  ratios  would  be  satisfactory,  but  for 
our  purpose  we  need  more  control.  In  this  report,  the  meanings  of  the  terms  given  helow  will  be 
controlled  bv  using  the  following  units  (Table  I). 

Table  I.  Control  Units  of  Terms 


Term  Units 


hue  I  consumption  gal.  lb  (mass) 

Fuel  eonsumption  rate  gal,  lb  (time  may  be  in  min  or  s) 

ITT 

Fuel  conservation  gal.  lb  (mass) 

Btu,  ft-lb,  hj> 

Efficiency  Btu  ft-lb  hp  (usually  expressed  in  percent) 

Fuel  economy  do!,  mi,  vd\  ton  mi.  etc. 

gal  gal  gal  gal 


The  above  efficiency  units  were  •.elected  because  they  require  conversion  id’  production 
units  such  as  cubic  yards  into  work  or  power  units,  and  that  conversion  will  highlight  mam  of 
the  problems  associated  with  determination  of  the  output  portion  of  the  efficiency  ratio  found 
in  some  ol  the  literature. 


I  h-lcrminiug  llir  <miI|miI  (Million  of  I  In-  efficiency  ratio  a>  generally  defined  fur 
earthmoviug  o|irr;ilions  is  a  complex  l;isk.  Some  of  1 1  it-  factors  affecting  I  lit-  determination  of 
lilt-  list-fill  work  (output f  |M-rfornii-il  during  t-;irl liiiu»\ iup:  o|u-raliniis  art-  as  follows: 

Method  of  measuring  (In-  production. 

Conversion  (o  mass  (soil  tlt-nsilv  anil  walt-r  t-onlt-nl). 

Environment. 

()|»erator. 

Machine  configuration. 

Condition  of  soil. 

Condition  of  machine. 

Machine  efficiency  (mechanical  anti  ihi-rmotlvnamic). 

Machine  speed  (all  functions). 

Tht-  factors  listed  a  hove  art-  not  all  inclusive.  I  ml  l  he  list  shows  I  lit-  tleplli  ami  hrealli  of 
the  problems  encountered  w  hen  attempts  art-  made  to  predict  machine  effieienev  based  on  real 
world  production  tests.  Unfortunately,  none  of  the  available  literature  tpiantitalivi-lv 
addressed  the  interrelationships  of  the  output  factors  in  an  organized  fashion.  To  compound 
the  problem,  we  must  add  the  fact  that  ctpiipmcnl  effieienev  is  only  a  subset  of  fuel  consump¬ 
tion.  The  Army’s  final  energy  goals  are  expressed  in  terms  of  consumption,  anti  the  factors  con¬ 
trolling  petroleum  consumption  include  those  identified  in  the  lisl  above  in  addition  lo  those 
listed  below. 

Quantity  of  work  performed. 

Environment. 

Operator  (performance  anti  training). 

Machine  configuration  (including  size). 

Condition  of  stiil. 

Machine  efficiency  (mechanical  anti  thcrniomodynamie). 

Machine  speed  (all  functions). 

Wtirk  management. 

Machine  mainleiiant-e. 

l-'uel  evaporation. 

Waste. 

Pilferage. 

Contaminated  fuel. 

Selection  of  engine  oil  and  fuel. 

Our  literature  search  yielded  little  information  on  the  interrelationships  among  the  fac¬ 
tors.  It  is  also  conceivable  that  improvements  in  one  factor  may  adversely  impact  fuel  conser¬ 
vation.  As  an  example,  improving  the  efficiency  of  a  hydraulic  control  may  change  the  feel  or 
response  of  a  loader  bucket  operation  in  a  manner  that  reduces  production  because  of  human 
factors  considerations.  In  addition,  the  magnitude  of  the  impact  of  each  factor  on  petroleum 


conservation  is  unknown.  Much  more  research  anil  testing  is  needed  before  we  ran  idcntifv 
those  (actors  that  vmuiIiI  yield  the  greatest  loci  savings  with  the  least  expenditure  of  program 
resources.  The  need  for  initiating  in  the  eoiislruetion  operations  field  a  petroleum  management 
program  that  eoiisiders  all  of  the  areas  and  faetors  mentioned  is  great. 

Another  area  in  the  field  of  petroleum  consumption  is  the  development  and  establish¬ 
ment  of  methods  to  predict  required  petroleum  supply.  The  Armv  Energy  R&l)  Plan  lists  seven 
existing  methods  and  states  that  three  additional  methods  are  being  reviewed  bv  the  Logistics 
('.enter.  Fort  Lee,  Virginia.  These  methods  are  listed  in  Appendix  B  of  this  report  for  informa¬ 
tion.  Ap|M-ndix  B  of  the  Army  Energy  Plan  contains  a  review  and  evaluation  of  each  method. 
Of  interest  here  is  recognition  that  the  fuel  consumption  within  an  Armv  organization  is 
related  to  many  faetors.  The  faetors  identified  in  the  plan  include:  intensity  of  conflict,  level  of 
commitment,  terrain  temperature,  type  of  equipment,  and  quantity  and  tvpe  of  subordinate 
units.  Also,  the  best  methodology  for  estimating  fuel  consumption  will  balance  accuracy  wit! 
economies.  The  methodology  must  be  accurate  in  the  sense  that  it  predicts  the  consumption  c 
a  given  unit  under  given  conditions  within  a  narrow  range  of  expected  values  and  with  a  high 
degree  of  confidence.  The  methodology  selected  should  make  predictions  quickly  ami  at  low 
cost,  using  existing  data  or  data  that  can  readily  be  extracted  from  available  sources.  Also,  im¬ 
plied  is  (hat  the  prediction  of  fuel  requirements,  once  made,  can  be  useful  for  the  purpose  in¬ 
tended.  The  Army  hopes  to  use  the  fuel  consumption  data  base  developed  to  support  the  fuel 
consumption  estimating  methodologies  and  to  assess  the  impact  of  energy  conservation  R&l) 
projeets  on  the  Army's  fuel  requirement.  TEdOM's  field  testing  procedures  for  determining 
vehicle  fuel  consumption  are  uniquely  set  up  to  support  methodology  B-6,  Appendix  B. 

One  of  the  objectives  of  this  report  is  the  investigation  of  existing  methods  used  to  deter¬ 
mine  the  fuel  consumption  of  mobile  construction  equipment.  Five  methods  were  found  and 
they  will  be  discussed  in  the  following  order: 

•  TECOM  Test  Operating  Procedures  (TOP). 

•  Original  Equipment  Manufacturers'  (OEM)  Field  Tests  ((later- 
pillar  Tractor  do.). 

•  Society  of  Automotive  Engineer  (SAE)  Recommended  Practice  (SAE  JII66). 

•  Dynamometer  Testing  Procedures. 

§  Math  Modeb. 

I'he  first  three  procedures  are  field  tests  and  the  fourth  is  a  simulated  load  procedure. 
Math  models  should  not  lie  used  to  determine  fuel  consumption  because  their  purpose  is  to 
predict.  They  were  included  here  because  of  their  wide-spread  usage  in  fuel  conservation 
studies. 


a.  TKCOM  lias  prepared  TOl*  ami  test  guidance  for  mam  Ivpes  of  construction  nip- 
mcnl.  rile  test  olijeetive  is  to  determine  to  what  decree  an  end  item  and  its  eoiii|>oneuts  perform 
their  mission  as  deserihed  in  the  requirements  doeiiments  (specification.  I.R.  etc.)  and  to  deter¬ 
mine  the  siiitahililN  id'  tile  end  item  and  aeeompam  ing  niainteiianee  lest  package  for  \rim 
use.  Most  of  the  TOl's  reviewed  (see  Appendix  < !)  no  longer  require  determination  of  fuel  and 
oil  consumption  tests  except  for  cranes  (TOP  9-2-064).  However,  fuel  eoiisiimplioii  tests  uinv  lie 
added  to  any  equipment  test  liv  tile  responsilde  developer.  For  vehicles.  TOP  2-2-603  is  used 
whenever  a  fuel  consumption  test  is  required.  TOP  2-2-603  is  used  to  determine  the  fuel  eon- 
sumption  of  transportation  and  engineer  Ivpe  vehicles.  Procedure  for  controlled  tests  and  tests 
to  simulate  service  operations  are  deserihed.  Controlled  tests  are  used  to  determine  fuel  eon- 
sumption  in  the  road-load,  full-road,  no-load.  \P(>s  standard  fuel  consumption  course  and 
work-function  modes  of  operation,  hull-load  tests  are  performed  with  drawbar  pull  tests  as 
described  in  TOP  2-2-604.  No-load  tests  are  performed  with  the  transmission  in  neutral  and 
the  engine  operated  at  speeds  ranging  from  rated  idle  speed  to  governed  engine  speed.  Road- 
load  testing  is  performed  with  the  vehicle  loaded  to  its  rated  pavload.  Then,  the  vehicle  is 
operated  at  constant  speeds  over  a  level,  paved  test  course  at  not  less  than  four  equal  in¬ 
crements  of  speed  over  the  operating  range  of  the  vehicle  in  each  gear.  The  test  method  used  to 
determine  fuel  consumption  with  the  vehicle  performing  in  its  normal  work  modes  is  described 
as  follows:  Measure  fuel  consumption  while  the  vehicle  is  performing  each  work  function  for 
which  it  is  designed.  The  following  data  are  collected: 

(1)  Work  function  performed. 

(2)  longlli  of  lime  function  was  performed  (operating  hours). 

(3)  Fuel  consumed  per  work  function  cvele  (gallons  or  pounds). 

(4)  Fuel  temperature. 

(5)  Road  and  engine  speed,  where  applicable. 

Fuel  consumption  may  be  measured  in  Ib/h  or  gal/li. 

b.  Original  equipment  manufacturers  (OEM)  are  studying  and  comparing  the  fuel  eon- 
sumption  of  their  equipment  to  other  OEM  equipment.  Caterpillar  Tractor  Co.  has  reported 
the  results  of  fuel  consumption  studies  of  wheeled  loaders,  tractors,  and  road  graders.  Simula¬ 
tion  and  typical  work  mode  test  procedures  were  used  in  the  field  tests.  A  design  blade  load 
simulation  test  procedure  was  used  to  evaluate  road  graders  which  were  tester!  in  Iowa.  Three 
different  drawbar  loads  were  applied  to  the  blade  by  attaching  it  to  a  load-carrving  sled.  The 
sled  load  was  changed  to  simulate  the  blade  loads.  'Praetors  were  tested  in  the  soils  and  work 
modes  as  shown  in  Table  2. 


Table  2.  Tractor  Tots 


Work  Mode 

Soi  1 

Place 

Ripping 

Caliche 

Arizona 

Pushloading 

Caliche 

\rizonn 

Dozing  (uphill,  downhill)  level 

( ’.aliche 

\rizoua 

Dozing 

Clay  loam 

Peoria 

Sandv  loam 

Arizona 

Loaders  wen*  tested  in  thn*e  typical  work  modes:  load  and  carry-level  and  uphill,  truck- 
loading  (hank  and  stockpile  material),  and  trench  hackfill.  Caterpillar  Kd  wards  Demonstra¬ 
tion  Area  was  used  during  the  test. 

The  weight  of  fuel  consumed  and  volume  of  soil  displaced  and/or  moved  were  collected 
for  each  test.  The  units  of  production  for  the  tests  were  reported  in  ratio  form  as  follows  (Table 

•I): 


Table  3.  Production  Units 


v.  Society  of  Automotive  Engineer  (SAK)  Urcommended  Practice.  S\ll  li;t- 
publishcd  |iriH'iiliiri's  for  testing  llir  furl  consumption  of  passenger  cars  ami  light  lrnrk>.  lull 
procedures  for  construction  equipment  liavr  not  lirrn  published.  Of  interest  is  S  M\ 
J  I  I  (ifia- Operator  Station  Souml  level  Measurement  I'romluiv  for  Earllimov  ing 
Machinery  -Work  ( ivclc  lest.  because  work  cycles  lli.il  could  lie  useful  for  fuel  coiisuiuplion 
testing  arc  described  for  llic  niacliincry  listed  as  follows: 

•  Crawler  loaders. 

•  Wheel  loaders. 

•  Dumpers  -  rear.  side,  and  bottom. 

•  Tractor  scrapers. 

•  Graders. 

•  Crawler  tractor  with  dozer. 

•  Wheel  tractor  with  dozer. 

•  I'ad  fool  wheel  compactor  with  dozer. 

•  Itackhocs. 

•  Hydraulic  Excavator. 

In  addition  to  specifying  the  operating  conditions  for  each  item  of  machinery,  the 
general  test  site  requirements  applicable  to  fuel  consumption  testing  are  given  as  follows:  The 
site  should  be  a  uniform  plane  of  earth  with  a  maximum  slope  of  3  percent  in  any  direction;  all 
material  in  the  test  area  should  have  a  density  of  approximately  3000  lb/yd3  where  machinery 
configuration  or  location  makes  it  impractical  to  use  a  test  site  as  described  above:  sites  with 
other  conditions,  such  as  field  job  sites,  may  be  used.  The  operating  conditions  for  each 
category  of  machine  are  generally  based  upon  normal  field  use.  practical  test  considerations, 
and  most  importantly,  the  impact  the  procedures  would  have  on  the  accuracy  of  the  noise  level 
measurement.  Engine  speed,  gear  range,  and  duration  of  the  work  cycle  are  controlled  for  each 
test.  Table  4  shows  the  engine  speed  criteria  for  each  machine  category  and  work  cycle. 


Talilc  t.  Kngiiie  S|m-c<|  Crilcria 


K<|ui|»ini'iit  (allegory 


Fnginr  Speeil 


Crawler  loader  Max  governor  selling 

Wlieel  loader  Max  "mennir  selling 

I)iimi|mt  Max  governor  setting 

.’(/  t  of  max  governed  speed 

Traelor  seraper  Max  governor  setting 

Crawler  traelor  Max  governor  setting 

Pad  fool  wheel  eonipaetor  with  dozer  Max  governor  selling 


( tiller  < Conditions 


Loose  stockpile 
Loose  stiM'kpile 

Loaded  haul,  intermediate  speeil1 
Kmplv  return,  high  speed2 
Loading  mode 
Dozing,  low  speed1 
Safe  speeds 


I  (nek  hoc 

llvdvnnlie  exeavalov 


it  .Vi  ±  2  c/<  of  rail'd  engine  speed  Trenching.  virgin  soil 
Max  governor  speed  Treneliing.  virgin  soil 


1.  Intermediate  speed  -  Seeond  gear  of  or  t-sperd  transmission. 

Third  gear  of  5-  or  6-speed  transmission:  and 
Fourth  gear  of  a  7-  or  R-spccd  transmission. 

2.  High  speed  -  Highest  working  gear  (manual  transmission). 

Requirements  for  autoinatie.  hydrostatic  transmissions  are  also  given. 

3.  Iziw  sjieed  -  First  gear  of  a  5-speed  transmission,  and 

Seeond  gear  of  a  6-  or  greater-speed  transmission. 


d.  Dynamometer.  When  vehiele  fuel  consumption  measurements  are  (terforntetl  on 
a  chassis  ilvtiiimonieter.  llte  dynamometer  is  tisnaily  atljnsletl  to  simulate  ihe  mail  experience 
I  road-load  |  of  the  vehiele.  Apparently,  many  methods  are  used  to  determine  road-load,  anti  the 
ehnseti  metlunl  is  selected  because  it  hest  fits  a  particular  situation.  Some  commonly  used 
methods  for  road-load  determination  are:  drive  line  force  or  tortpic  measurements,  manifold 
pressure  measurements,  and  deceleration  or  coast  down  technique.  The  concept  of  the  coast 
down  is  to  determine  the  deceleration  rale  of  a  freely  coasting  vehiele.  The  coast  down  method 
was  list'll  in  a  study  undertaken  to  develop  math  models  to  predict  the  dynamometer  adjust¬ 
ment  forces  appropriate  to  simulate  the  on-road  experiences  of  light-duty  transportation  trucks. 
This  study  concluded  that  the  aerodynamic  drag  of  light-duty  trucks  and  vans  is  a  more  ac¬ 
curate  method  of  predicting  the  dynamometer  power  absorption  than  predictions  based  on  the 
vehiele  weight.  The  mathematical  relationship  between  vehiele  frontal  area  anti  speeil  was 
used  to  calculate  the  dynamometer  adjustments  to  be  used  for  each  test. 

The  Kiiviroiimciital  Protection  Agency  (KPA)  uses  dynamometer  tests  to  determine 
tile  fuel  consumption  quantities  shown  on  new  fuel  economy  labels.  The  KPA  test  procedure  re¬ 
quire:-  that  a  vehicle  shall  he  driven  over  a  prescribed  driving  cycle  on  a  chassis  dynamometer 
ami  that  the  fuel  consumed  shall  be  calculated  from  the  measured  eoinposilioii  ami  qnanlilv  of 
exhaust  gas  produced. 
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e.  Math  Models.  Ml  of  the  mathematical  model  studies  investigated  recognize  the 
need  to  «|iiant i fy  the  relationships  between  a  vehiele's  expected  performance  and  the  efficiency 
of  the  vehiele's  funetional  subsystems.  Most  of  the  work  was  done  in  the  area  of  transport  type 
trucks  and  ears.  However,  reports  dealing  with  the  fuel  consumption  of  crawler  tractors  and 
(be  fundamental  parameters  of  vehicle  on-  and  off-road  fuel  eeouornv  were  also  found.  Some 
of  (lie  reasons  for  performing  the  studies  are  as  follows: 

(1)  To  evaluate  the  effect  of  changes  in  different  performance  parameters. 

(2)  To  evaluate  the  effect  of  powertrain  choice  on  fuel  ulili/.ation  id'  heavy  ar¬ 
ticulated  vehicles. 

(3)  To  determine  the  fuel  consuming  characteristics  of  a  typical  crawler  tractor  with 
bulldozer  under  various  operating  regiments.  The  results  were  used  to  suggest  various  methods 
to  reduce  fuel  consumption. 

(4)  To  be  used  in  computer  simulations  of  vehicle  behavior  over  typical  duty  cycles. 

(5)  To  evaluate  trade-offs  between  fuel  consumption  and  desired  performance. 

Apparently,  construction  of  a  mathematical  model  is  a  relatively  straight  for¬ 
ward  matter  provided  that  the  operating  characteristics  of  each  subsystem  and  component  are 
adequately  defined  and  all  the  necessary  parametric  data  are  available.  Some  investigators 
were  unable  to  get  all  the  information  needed  and  their  models  are  semi-empirical.  Other  in¬ 
vestigators  reported  going  through  the  long  ami  tedious  procedure  of  building  ami  testing 
numerous  prototypes  for  each  subsystem  and  for  the  working  parts  of  each  vehicle  to  obtain 
the  required  engineering  data.  Alter  a  suitable  data  base  is  established,  the  use  of  comptilcr- 
simulalion  for  predicting  vehicle  behavior  and  performance  over  specific  duty  cycles  saves 
lime  and  money.  Also,  analysis  of  the  results  of  the  simulations  has  disproved  some  commonly 
held  ideas  about  vehicle  drivelines.  Computer  simulation  techniques  can  be  used  to  optimize 
engine  capacity,  select  equipment  size,  predict  fuel  consumption,  and  analyze  the  impact  of 
design  changes  on  vehicle  performance  and  fuel  consumption,  to  mention  only  a  few  of  an 
endless  iiumlicr  of  possible  applications.  Some  investigators  have  reported  good  correlation 
between  the  fuel  consumption  predicted  by  computer  simulations  and  the  actual  amount  of 
fuel  measured  during  field  tests. 

The  five  methods  just  reviewed  all  show  the  connection  between  fuel  consumption 
and  performance,  and  the  concept  of  efficiency  is  embedded  to  some  degree  in  each  one. 
TECOM’s  TOP  measures  the  time  a  machine  spends  performing  a  specific  function  but  docs 
not  measure  or  record  the  quantity  of  earth  removed.  On  tile  other  hand.  Caterpillar  Tractor 
Co.  highlights  the  relationship  between  fuel  consumption  and  performance.  They  recently 
began  to  publish  fuel  eonsumptioii/performanee  information  on  competitor  machines  as  well 
as  their  own.  The  method  used  to  measure  the  quantity  of  earth  moved  was  not  identified.  \ 


discussion  of  ill*-  methods  used  to  calculate  earthwork  anil  their  accuracy  is  contained  in  Ap- 
|M-ndi\  I).  The  EPA  is  required  hv  law  to  publish  fuel  economy  information  on  all  automobiles 
sold  in  the  United  States.  The  initial  controversy  over  EPA'S  methods  for  determining  fuel 
economy  has  subsided,  and  it  now  appears  to  have  gained  some  acceptance  because  no  one  has 
come  up  with  a  better  wav. 

f.  Advantages  and  Disadvantages.  \li  of  the  methods  discussed  have  adyanlagcs 
and  disadvantages  when  yicwctl  from  a  specific  point  id'  view.  In  this  report,  a  brainstorming 
teehniipie  was  used  to  list  advantages  and  disadvantages  for  each  method  as  follows: 


TECOM: 


Advantages 


Disadvantages 


Procedures  are  available  now  for  all  items  of  Cost, 

construction  equipment. 

Addresses  the  details  associated  with  safety.  Production  is  not  measured, 

maintenance,  pretest  considerations,  instrumen¬ 
tation.  and  required  data  collection. 

Realistic.  Test  subject  to  weather. 


Simple  to  perform. 

Builds  data  base  that  is  compatible  with 
method  F  of  Appendix  B  for  estimating 
fuel  requirements. 

OEM  Tents: 


Accuracy  is  unknown. 

Fuel  economy  measurement  is  not 
the  primary  purpose  for  testing. 


Advantages 


Disadvantages 


Production  is  measured 


I  .1 1st . 


Realistic. 


Test  subject  to  weather. 


Operating  condition-,  defined. 


Procedures  have  not  been  established 
for  all  type  of  const  ruction  equip- 


Some  control  of  soil  tv|>c. 

Fuel  ecoinotiiy  measurement  is  primary 
purpose  for  testing. 

SAE  J1166  Test  Procedures: 

Advantages 
Operating  procedures  defined 
Some  control  of  soil  type. 

Realistic. 

Simple  to  perform. 

Dynamometer  Tests: 

Advantages 

Repeatable. 

Vehicle  load  is  controlled. 

Not  subject  to  weather. 

Vehicle  load  is  measured. 

Well  suited  to  comparing  different  makes 
and  models  of  equipment. 

Less  costly  than  field  tests. 

Each  vehicle  function  could  he  load  simu¬ 
lated  on  test  stand  and  load  computer 
controlled. 


Procedures  mav  not  he  acceptable  to 
all  OEM. 

Disaih  uiilagcs 

Production  is  not  measured. 

'lest  subject  to  weather. 

(lost  equivalent  to  TECOM  test. 

Fuel  economy  measurements  are  not 
primary  purpose  for  testing. 

Disadvantages 

Realism  may  he  questioned. 

Compatibility  of  dynamometer  output 
may  not  he  suitable  for  const ruet ion 
equipment. 

Limited  information  on  compatibility 
with  tracked  vehicles. 

Procedures  for  exercising  all  machine 
functions  are  not  available. 

Complex. 


Credible. 


Energy  input  and  output  can  lie  measured. 

Test  equipment  can  lie  used  for  other 
purposes. 

Machine  efficiency  is  primary  purpose  for  test. 

Math  Models: 


Advantages 

Many  iterations  of  the  model  arc  possible 
in  a  short  lime  period. 

Little  petroleum  is  consumed. 

No  construction  equipment  required. 

A  good  investigating  tool. 

Best  description  of  theoretical  efficiency. 


Disadvantages 
Lacks  realism. 

Models  not  available. 

Only  predicts  fuel  consumption. 
Required  data  hase  not  available. 

High  initial  cost. 

Highly  complex. 

Field  tests  required  to  confirm  models. 

Many  different  models  may  be  required 
for  each  equipment  type. 

Accurate  construction  equipment  data 
will  he  difficult  to  acquire. 

Results  will  he  long  in  coming. 


The  five  methods  were  also  subjectively  evaluated  poor,  fair,  good,  and  best  against 
the  following  criteria:  Accuracy,  quantifiahility,  repeatability,  cost,  and  acceptability.  This 
evaluation  was  made  from  an  efficiency  determination  point  of  view  as  shown  in  Table  5. 
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Table  5.  Evaluation  11I  Five  Method* 


Method 

Accuracy 

Oiianlifiabililv 

Repeatability 

(  lost 

\cce| 

<  ritcria 

TECOM  TOP 

Poor 

Poor 

Fa  i  r 

Cood 

Poor 

OEM 

Fair 

Good 

Fair 

Fair 

Fair 

SAE 

Fair 

Poor 

Fair 

( rood 

— 

Dynamometer 

Best 

Best 

Best 

f  rood 

Best 

Math  Models 

Cood 

( rood 

_ 

Best 

Poor 

Our  effort  (Construction  Equipment  Division)  to  reiluec  tlx*  fuel  consumption  of  con¬ 
struction  equipment  is  focused  on  the  estabishment  of  equipment  efficiency  requirements  for 
end  items  and  development  of  a  vehicle  test  procedure  to  confirm  compliance  with  those  effi¬ 
ciency  requirements.  Apparently,  that  approach  was  selected  because  of  ND1  policy  con¬ 
straints;  i.e.,  limited  control  of  materiel  design  and  configuration.  Our  progress  is  hindered 
In-cause  the  data  base  needed  to  establish  efficiency  requirements  for  construction  equipment 
is  not  available  to  the  Army.  Incident  to  all  of  this  is  the  realization  that  the  data  base  needed 
by  the  Army  to  estimate  fuel  supply  requirements  is  also  being  eroded  by  NDI  policy  and  a 
change  in  TECOM  TOP.  TECOM  no  longer  tests  commercial  construction  equipment  and  even 
if  they  did,  fuel  consumption  data  are  no  longer  gathered  routinely.  Also,  the  opportunity  to 
conserve  petroleum  in  the  1984  to  2000  time  frame  is  slipping  away  because  we  are  now  buy¬ 
ing  the  equipment  that  will  be  used  during  that  period.  Vi  orking  to  our  nd\outagc  is  the  notion 
that  the  const ruet ion  equipment  industry  is  continually  improyiug  the  efficiency  of  their 
machines.  The  industry  is  motivated  to  do  so.  because  of  the  followin'': 


(I)  Contractors  are  cost  conscious  and  profit  motivated. 


(2)  Computers  make  it  practical  for  the  contractor  to  build  a  fuel  consumption 
data  base  for  different  makes  of  machines. 


(3)  Foreign  competition. 


On  the  other  hand,  contractors  are  not  motivated  to  buy  machines  based  on  im¬ 
pressive  efficiency  percentages  alone.  More  efficient  machines  must  contribute  to  higher  pro¬ 
fits.  Consequently,  the  equipment  manufacturers  seek  out  and  implement  hardware  changes 
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(lull  satisfy  (In*  contractor  profit  goals.  Vic  mav  capitalize  on  the  above  notions  hv  taking  ad¬ 
vantage  of  the  R&D  work  being  done  hv  industry.  The  literature  is  lull  of  studies  aimed  at  im¬ 
proving  machine  efficiency  and  production.  Some  of  the  work  going  on  is  listed  below: 

(1)  Development  of  light-duty  diesel  engines. 

(2)  Development  of  instrumentation  to  detect  and  measure  machine  operating 
parameters  useful  in  petroleum  management. 

(3)  Development  of  instrumentation  and  system  to  provide  equipment  operators 
with  the  information  they  need  to  optimize  performance  and  fuel  consumption. 

(4)  Development  of  multi-fuel  engines. 

(3)  Development  of  continuously  variable-ratio  transmissions  ((iVT). 

(ft)  I’rodurtion  id'  transmissions  with  many  gear  ranges. 

(7)  Development  of  more  efficient  hydraulic  components  and  systems  (multiple 
flow  pumps,  load  sensing  valves). 

(8)  Production  of  hydrostatic  transmissions. 

(9)  Production  of  tires  that  reduce  rolling  resistance. 

(10)  Studying  the  impact  of  maintenance  practices  on  fiiel  conservation. 

(11)  Radiator  shutters. 

The  use  of  diesel  engines  in  our  equipment  could  have  a  quick  and  significant 
impact  (25  to  30  percent  improvement)  on  our  efforts  to  reduce  petroleum  consumption.  A 
review  of  the  divisions  TDPs  was  made  and  we  found  It)  specifications  that  specify  the  use  of 
gasoline  engines.  This  is  not  to  imply  that  we  should  simply  convert  all  gasoline  engines  to 
diesel  engines;  a  thorough  investigation  and  evaluation  is  necessary. 

Another  approach  for  achieving  results  in  a  reasonable  amount  of  time  is  to 
determine  the  efficiency  of  state-of-the-art  subsystems  and  components,  and  where  appropriate. 
sjM'eifv  thicr  use.  For  example,  the  desired  engine  efficiency  could  be  added  to  existing  engine 
requirements  in  a  TDP.  A  high  degree  of  success  with  this  approach  is  possible  if  good  judge¬ 
ment  and  a  systematic  approach  to  the  problem  is  used.  As  a  minimum,  the  effort  should  in¬ 
clude  the  following. 


(i)  Mission  definition  for  each  item  of  equipment. 


(2)  Preparation  of  a  work  breakdown  structure  (WHS)  for  each  I \ [*<■  of  equipment. 

(.4)  Knowledge  of  die  current  effieieney  of  the  snbsvslems  at  all  le\els  for  each  type  of 
equipment. 

(4)  Allocate  efficiency  improvement  finals  for  appropriate  subsystems  based  upon  the 
efficiency  of  emerging  designs  and  products. 

(5)  Kvalualc  the  impact  of  efficiency  reipiiremenls  on  performance  and  cost. 

If  we  arc  to  meet  onr  energy  finals,  the  search  to  find  wavs  to  conserve  petroleum 
must  be  broad  based. 

V.  CONCLUSIONS 
1 1.  Conclusions:  It  is  concluded  that: 

a.  Dynamometer  load  simulation  techniques  for  evaluatitifi  efficiency  are  best  suited  to 
our  needs. 


b.  The  data  base  needed  to  establish  efficiency  requirements  does  not  exist  within  the 

Army. 

e.  A  broad  based  petroleum  manaffctucnl  program  for  earthmoviiifi  and  construction 
o|M'rations  is  needed. 


d.  Current  program  resources  arc  inadequate  for  achieving  timely  results. 

e.  Some  tasks  that  have  not  been  accomplished  are: 

(1)  Near  Term: 

(a)  Research  and  evaluate  usefulness  of  existing  data  bases  such  as  EPA  engine 
emission  test  procedures. 

(b)  Evaluate  conversion  from  gasoline  to  diesel  or  Stirling  engines. 


(c)  Evaluate  conversion  from  bias  to  radial  tires  for  selected  items  of  contraction 


equipment. 


{ill  l)r\rlop  a  program  plan  Inr  |M‘lrnlrnin  roiisrrxalinii  niaiia^rmrnl  in  llir 
rurtliinoxiii"  anil  must  ruct  ion  arras. 

(»•)  Actpiirr  the  necessary  resources. 

(2)  Far-Term: 

(a)  Acipiirc  dynamometer  liasrd  procedures  for  determining  tlir  furl  rrononiy  of 
rarli  tvpr  of  ronslnirlion  in  llir  inventory.  starting  with  tbr  high  prtrolrnin  ronsiiniption  itrms. 

(It)  Inilialr  a  Irsl  program  to  build  llir  data  basr  nrrdrd  to  establish  furl  roil- 
si  i  in  pi  iot  i  rripiirriuriils  for  slalr-of-lbr-arl  end  ilrnis  and  siihsx sinus. 
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DEFINITIONS  OF  EFFICIENCY 


V  I .  lilc  I'illio  ill  tin-  useful  ciiergx  dclixercd  li\  a  il\  I  la  III  it  »lrm  In  I  In-  i-ucrgt  supplied  to 


it. 


A-2.  I  hr  ratio  of  tlir  work  ilonr  or  energy  <lr\rlo|iril  |i\  a  machine.  engine.  rlr..  to  the 
encrgy  supplied  to  it. 

A-3.  Thr  ratio  of  the  useful  energy  delivered  hy  a  dvuainie  system  (as  a  machine  engine  or 
motor)  to  the  energy  supplied  to  it  over  the  same  period  or  cycle  of  operation. 

A-4.  Thermodynamic  efficiency.  The  ratio  of  the  net  energy  output  in  the  form  of 
useful  work  to  the  heat  energy  input. 

A-5.  Efficiency  of  a  two-element  machine.  The  ratio  of  the  useful  work  performed  to 
the  total  work  received.  Also,  if  a  machine  consists  of  a  train  of  mechanisms  having  the  respec¬ 
tive  efficiencies  e,,  e2.  e.,.  ...c(|.  the  combined  efficiency  of  the  machine  is  equal  to  the  product 
of  these  efficiencies. 

Sources: 

a.  Vi chslcr’s  Seventh  New  Collegiate  Dielionarx. 

h.  The  Random  House  College  Dictionary. 

e.  Webster's  Third  New  International  Dictionary,  Unabridged. 

d.  Engineering  Evaluation  of  Energy  Systems.  Arthur  P.  Fraas.  McGraw-Hill. 

e.  Mark's  Standard  Handbook  for  Mechanical  Engineers.  Eighth  Edition. 


APPENDIX  B 


METHODOLOGIES  FOR  ESTIMATING  FUEL  CONSUMPTION  REQUIREMENTS* 

B-l.  OI«l  KM  101-1 0- 1  Method  (sii|M‘rsedcd  by  B). 

B-2.  New  KM  IOMO-1  Method. 

B-3.  Pounds/Man/Day  Method. 

B-4.  Gallons/Man/Dav  Method. 

B-5.  Gallons/Kilometer/Vehiele/Dav  Method. 

B-6.  Gallons/!  )pcratin<;  Hour. 

B-7.  STANAG2II5. 

Other  methods  are  being  considered  by  a  variety  of  sources.  Significant  arc  the  follow¬ 
in';  tcclini<|iics  under  review  by  the  Logistics  Center,  Fort  hr.  Virginia: 

R-H.  Percentage  of  Intensity  Method. 

B-9.  Discrete  Posture  Method. 

B-10.  WAFF  Method  (as  described  by  CAA  in  (CF)2  Conference  Report). 
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APPENDIX  C 


IECOM  EIELI)  TESTING  PROCEDURES  FOR  CONSTRUCTION  EQUIPMENT 


l'e*l  0|M>r;ilioi»s  IVoccJurc  No. 

<>2*07 1 
<>2-082 
<>2- 1  1 1 
9-2-063 
9-2-166 
2-2-100 
9-2-064 
9-4-001 


Equipment  Description 

Earth  loaOiii" 

Earth  moving 
Pa\ in*;  4-«|iii|»iii«*nl 
Crane.  truck,  warehouse 
Air  compressors 
Trucks  ami  tractors 
Crane 

Desert  environmental  testin'; 
of  construction  service  ami  support 
Vehicle  fuel  eonsumption 


2-2-603 
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APPENDIX  D 


EARTHWORK  COMPUTATION  METHODS 
(Prepared  by  J.  Rodrigues) 


D-l.  The  computations  of  earthwork  involve  the  calculation  of  earth  volumes 
and  the  determination  of  initial  and  final  grades.  There  are  several  methods  utilized  hv 
engineers  to  compute  earthwork.  The  exactness  of  the  computations  depends  upon  the  extent 
and  accuracy  of  field  measurements.  Some  methods  by  which  to  compute  earthwork  are  the 
following: 


a.  Average  end  area  method. 


h.  Prismoidal  formula  method. 


c.  Urid  method. 


<1.  Contour  method. 


D-2.  To  compute  earth  volumes  by  either  of  the  above  mentioned  methods,  it  is 
necessary  to  determine  the  area  of  two  parallel  planes.  The  following  is  a  list  of  the  various 
end  area  determination  methods  listed  in  according  order  of  aecuracy. 


a.  Trapezoidal  Rule.  By  this  rale,  the  area  of  the  individual  trapezoids  from  a 
cross  section  are  added  to  find  the  total  area.  The  computations  are  tedious,  and  its  accuracy 
depends  on  the  number  of  regular  trapezoids  formed. 


b.  Stripper  Method.  This  is  a  variation  of  the  trapezoidal  rale.  The  vertical  lines 
should  be  closer  together  to  insure  greater  accuracy. 


c.  Double  Meridian  Method.  This  method  is  similar  to  the  method  of  coor¬ 
dinates.  but  the  computation  docs  not  involve  the  direct  use  of  coordinates.  Meridian  distances 
arc  found  to  form  Irapclolds  and  triangles.  The  double  area  of  any  triangle  or  lra|>czoid 
formed  hv  projecting  a  given  course  upon  the  meridian  is  the  product  of  the  double  meridian 
distance  of  the  course  and  the  altitude  of  the  course.  The  algebraic  sum  of  the  double  areas  arc 
found,  and  the  area  is  determined  by  dividing  the  sum  of  two. 


d.  Plunimeter  Method.  A  planimeter  is  an  instrument  that  will  measure  the  area 
of  a  plane  figure  when  its  tracing  point  is  moved  around  the  jierimclcr  of  the  figure.  It  is  the 
most  accurate  method  for  area  determination.  Although  its  accuracy  depends  in  finding  the 
precise  settings,  which  can  only  lie  approximated.  The  efforts  of  planimeter  measurements  arc 
due  principally  to  the  inability  of  the  observer  to  follow  exactly  the  boundary  of  the  figure 
with  the  tracing  points.  Values  of  area  should  be  determined  to  0.01  in.2. 


Volume  Determination.  Volumes  of  ciirlliwork  arc  calculalcil  I >\  various 
methods.  If  cross-sections  have  Keen  taken,  their  areas  are  determined  as  described  in 
preceding  paragraphs.  and  tin-  volumes  of  the  prismoids  between  successive  cross-sect  ions  are 
calculated  hv  anv  of  the  following  methods: 

n.  Average  Knd  Areas.  This  is  the  most  common  method  of  determining  volumes 
of  excavation.  The  area  of  the  cross-sections  is  averaged  and  multiplied  hv  the  distance 
between  them.  This  method  is  sufficiently  precise  for  ordinary  earthwork  only. 

b.  Prismoidal  Formula.  The  use  of  this  formula  is  justified  if  cross  sections  are 
taken  at  short  intervals,  and  also,  when  surface  deviations  are  observed  and  when  successive 
cross-section  areas  differ  widely. 

c.  Grid  Method.  This  is  a  common  method  where  the  volume  of  a  borrow  pit  is 
found  by  cross-sectioning  the  area  before  and  after  excavating.  The  area  is  divided  into  rec¬ 
tangles,  triangles,  and  trapefolds.  The  volume  is  found  for  the  individual  sections  and  then 
added. 

d.  Contour  Method.  Volumes  of  earthwork  can  he  estimated  from  contour  maps 
using  vertical  cross-sections  from  contour  maps.  A  profile  is  shown  for  each  cross-sect  ion.  The 
profile  is  shown  with  the  original  ground  line  before  and  after  the  proposed  grade.  The  area 
between  these  gr ouiul  lines  is  averaged  for  the  two  cross-sections  and  is  multiplied  by  the 
distance  lietween  them.  The  calculated  volumes  using  this  method  should  he  list'd  onlv  for 
preliminary  estimates. 

D-4.  Precision  of  Determining  Volumes.  There  are  many  factors  which  affect  the 
precision  of  determining  earth  volumes.  The  following  factors  are  the  most  relevant  to  he  con¬ 
sidered: 

a.  Soil  Shrinkage.  Shrinkage  denotes  the  fact  that  1  yd3  of  earth  before  excava¬ 
tion  will  occupy  less  than  a  yd3  of  space  when  excavated,  hauled,  and  compacted.  The  loss  of 
material  and  compaction  to  greater  than  original  density  might  contribute  to  this  difference. 

b.  Soil  Swell.  Swell  could  he  produced  by  the  increase  of  voids  content  after 
loosening  or  blasting  rocks. 

c.  Horizontal  Measurements.  Horizontal  measurements  errors  are  introduced 
principally  by  the  manner  of  holding  ami  reading  the  tape. 

d.  Vertical  Measurements.  Vertical  errors  are  due  to  rod  reading  and  variation 
in  the  elevation  of  the  ground  surface  where  the  rod  is  held. 


Accuracy  depends  on  (he  met  hod  selected,  amount  of  cross  section,  ami  control  of 
the  above  mentioned  factors.  The  size  of  these  errors  varies  under  various  field  conditions  hut  a 
prohahle  error  of  ±  0.05  can  he  assumed  for  average  field  conditions  under  controlled  pro¬ 
cedures. 

A  reliable  computation  of  area  can  he  obtained  with  a  plauinieter  and  the  use  of 
the  prismoidal  formula  to  compute  volumes  controlling  the  amount  of  cross-section  and  field 
measurements.  The  shrinkage  and  swell  percentage  of  the  soils  should  lie  predetermined.  Also, 
variations  of  the  surface  could  introduce  significant  errors  when  small  volumes  are  calculated. 
Their  effect  diminishes  when  high  volumes  of  earth  are  under  consideration. 
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